Ozone dissolution is a chain reaction process due to ozone decomposition which generates hydroxyl radicals that can be detected by using pCBA ( para-Chlorobenzoic Acid) as a probe compound. However, reported reactions for pCBA and OH radicals have not been sufficiently described statistically to show its permanence. In order to investigate this, two different stages of batch experiments were conducted to study the reactions among generated OH radicals, pCBA and t-butanol. In addition, an instantaneous demand, plus rapid and gradual phases of reactions for pCBA were also observed in this study. This study attained a cause-and-effect linear empirical correlation equation between degraded pCBA and ozone concentration, which indicated chain reactions generating OH radicals. The significance of correlation is confirmed by conducting a two-tailed hypothesis test. Additionally, due to free available OH radicals in the set conditions, an instantaneous demand of probe compound was confirmed by using the goodness-of-fit test. Observed instantaneous demand was about 83 to 55% for the initial concentration ratios of pCBA to ozone being 0.160 to 0.232, respectively. Calculated pseudofirstorder rate constants for pCBA are from 1.345 to 4.677 min À1 and 0.218 to 0.944 min À1 for rapid and gradual degradation phases, respectively.
Introduction
T he ozone decomposition pathway in aqueous solution has been reported by many researchers (Hoigné and Bader, 1983a , 1983b Staehelin and Hoigné, 1985; Sotelo et al., 1987; Masten and Davies, 1994; Elovitz and Gunten, 1998) . Most of the researchers conclude that the products and transient species within chain reactions of ozone dissolution have played an important part in the oxidation ability. The hydroxyl radical (OH Á ) is the most popular reported transient species that has powerful standard reduction potential, but has only minute concentrations and an unstable lifetime in the chain reaction (Buxton et al., 1988; Park et al., 2001; Buffle et al., 2006; Kim et al., 2007) . Hydroxyl and other radicals (such as O 3 À Á , HO 3 Á , HO 2 Á , O 2 À Á ) may be generated within the chain reaction of ozonation. Reported rate constants among these radicals were 10 8 M À1 s À1 and above (Staehelin and Hoigné, 1985; Buxton et al., 1988) . Due to the transient status and unsteady concentrations, the direct determination of OH radicals might not be available by using traditional equipment.
The concentration of OH radicals can be measured by an indirect method that uses the probe compounds to react with radicals and quantify them by HPLC or GC. Numerous probe compounds such as p-chlorobenzoic acid (pCBA), n-butyl chloride, benzene, and perchloroethylene (PCE) were used to measure the concentration of OH radicals (Elovitz and Gunten, 1998; Acero et al., 2000; Elovitz et al., 2000; Lindsy and Tarr, 2000; Park et al., 2001 Park et al., , 2004 Simon et al., 2001; Pines and Reckhow, 2003; Pi et al., 2005; Buffle et al., 2006; Rosenfeldt et al., 2006; Kim et al., 2007) . pCBA is the most widely used compound due to its stability in reaction and analysis. An Rct
, which defines the relationship between the OH radical and ozone concentration, was reported by Elovitz and Gunten (1998) , where the pCBA was used as a major probe compound to react with OH radicals and then quantified by using the Rct concept and reported rate constants (k OH=pCBA ¼ 6Â10 9 M À1 s À1 at pH 6 to 9.4, ton et al., 1988; Elovitz and Gunten, 1998; Pi et al., 2005; Buffle et al., 2006) . Under the condition of catalytic ozonation with OH radical scavenger in the reaction, the reported pseudofirst-order decomposition rate constant for pCBA was 0.0139 min À1 to 0.022 min À1 for pH 2 to pH 7, respectively (Park et al., 2004) . Another reported pseudofirst-order rate constant for pCBA was about 0.012 min À1 to 0.009 min À1 for pH 7 and 248C (Pines and Reckhow, 2003) . However, if the scavenging rate (%) of pCBA is more than 20%, the ozone decay was accelerated, and thus raised some questions of using it as a probe compound in certain conditions (Pi et al., 2005) . The researchers also reported that the rate was constant for dihydrogen phosphate ions reacting with hydroxyl radicals at about 2Â10 4 M À1 s À1 (Buxton et al., 1988) . When dihydrogen phosphate ions are frequently used as the pH buffer solution, it may affect the reaction for minute concentrations of reactants, and most researchers did not report the outcome. Thus, in pH buffered reactions, the effect between dihydrogen phosphate ions and pCBA in reacting hydroxyl radicals should be of concern. As in the cited studies, using pCBA as a probe compound could achieve their objectives; nevertheless, the reported values' lack of statistical description to show its stability and some instantaneous demand of solute may not be observed. Therefore, we used the probe compounds (pCBA and t-butanol) to study the reaction with OH radicals and attain an empirical correlation to statistically demonstrate the repeatability of reactions. To investigate the unstable lifetime of OH radicals, two stages of batch reactions in ozonation of pCBA in set condition were conducted. From that, an instantaneous demand (I.D.), rapid and gradual phase of reactions for pCBA can be identified and statistically confirmed. Finally, the pseudofirst-order rate constants for these phases of reaction can be calculated.
Experimental Method
Material and analysis Figure 1 shows the schematic diagram of the ozonation system that was used for the study of probe compound pCBA in ozonation. The system includes a glass reactor (working= total volume 8.5=9.16 L) which controls and monitors the pH, Temperature, and agitation speed by means of a microprocessor device (MAJOR SCIENCE Fermenter). The chemicals used to make the buffer solution, HPLC analysis, ozone concentration determination, t-butanol, and pCBA were of analytical grade from Sigma-Aldrich (St. Louis, MO) when available. Reaction solutions were made by using ultra pure water ($18 MO-cm; Milli-Q system, Millipore, Bed Ford, MA), and that is maintained routinely for quality assurance. During all experimental runs, the dissolved ozone concentration (mg=L) was determined by spectrophotometer (HI-TACHI, Model u-3010) measurement (l ¼ 600 nm) according to standard methods (4500-O 3 Indigo Colorimetric Method; AWWA, 1992). The reported detection limits of this method are in the range of 0.01 to 0.1 mg O 3 =L and 0.05 to 0.5 mg O 3 =L for the indigo reagent I and reagent II, respectively. Moreover, a proper dilution procedure can be used for concentrations greater than 0.3 mg O 3 =L. The concentration of pCBA (in mM) was quantified by HPLC (HITACHI, Model L-7000; NI-HONBASHI RP-18 Column, Model GP 250-4.6), the operation parameters were LOOP mode, 10 mL injection volume, 65=35% of methanol=10 mM H 3 PO 4 buffered eluent solution at speed of 1 mL=min and UV-detection set at 234 nm. The pCBA calibration was conducted at high range (0.255 to 5.020 mM) and low range (0.0015 to 0.255 mM) concentrations. Each calibration was routinely performed, and was done at least three times to ensure the R 2 is greater than 0.999.
Method
Ozone was introduced into the reactor from an ozonator (ERWIN SANDER, Model 300.5, Maximum concentration 45 g ozone=m 3 ) that uses an oxygen (99.9% pure) source. Control parameters for the glass reactor were set at an agitation speed of 300 rpm, pressure at 1 bar, temperature at 208C, and pH 8 at 
792
KAO AND SU this ultrapure water ($18 MO-cm) solution. To reduce the possible interference of dissolved carbonates in the solution that act as the OH radical scavengers, the ozone gas was continuously fed into the ultrapure water solution in the glass reactor until saturated dissolved ozone concentration was achieved. Two stages of batch experiments were conducted to study the instantaneous demand of pCBA degradation in ozonation. In the first stage, five different and duplicate pCBA concentrations were prepared in ten culture tubes (working volume 50 mL each) for each run to study the reaction of pCBA and ozone. Nonbuffered solution from the glass reactor with saturated dissolved ozone was then added into these culture tubes and mixed in the vortex shaker for 10 s. All experiments were conducted at least three times to assure the repeatability of data. Our preexperiments showed that pH buffered ozone solution interferes with these batch reactions. This may be due to that the dihydrogen phosphate ions in the buffer solution competing with microconcentrations of pCBA in reacting with limited hydroxyl radical concentrations after they were added into these culture tubes. In the second stage, to verify the results of the first stage, the batch reactions were conducted by injecting prepared pCBA solution into the glass reactor until dissolved ozone reached saturation and all inlets and outlets of the reactor were sealed. In addition, to study the effect of competition for OH radicals, five batch reactions were also conducted by injecting the pCBA and t-butanol solution into the glass reactor until dissolved ozone reached saturation. Here, control parameters were the same as shown above except that the reactor was pH buffered with phosphate solution and the saturated dissolved ozone concentration was about 12 mM. The concentration of t-butanol in the glass reactor was set at about 9.13 mM. Our preexperiments show that to reduce the effect of dihydrogen phosphate ions, a proper buffer concentration in the reactor should be about 0.6 mM, which will maintain the solution at pH 7.7 and the stability of the reaction. In this stage, the best and shortest sampling time that can be done manually is 5 s, which is defined as the instantaneous demand of pCBA in the study. In addition, two phases of pCBA degradation were also studied; they are defined as the rapid and gradual degradation phases that were determined within sampling time of 5-20 s and 20-30 min, respectively.
Results and Discussion
Ozonation of pCBA by using culture tubes This batch study is based on the concept of chain reaction in ozone dissolution reported by many researchers who stated that in pure water without OH radical scavengers, the unsteady state of transient species OH radicals were generated continuously. As reported, the rate constant for the dissociate form of pCBA (benzoate ions) reacting with OH radicals is 6Â10 9 M À1 s À1 (pH 6 to 9.4). Thus, pCBA should be reacted with OH radicals instead of ozone where the reported rate constant is only 0.15 M À1 s À1 . These reaction chains among ozone, OH radicals, and pCBA are defined as a ''causeand-effect'' relationship. To verify these reactions statistically, the first stage of batch study was conducted by using 10 culture tubes and making various ratios of pCBA to ozone concentrations as shown in Table 1. Table 1 also shows the average and standard deviation of degraded pCBA (in %) for each duplicated sample from the ratio of 0.02 to 0.39 for eight Degraded pCBA (in %).
pCBA, para-Chlorobenzoic Acid.
PCBA AS AN OZONE/HYDROXYL RADICAL PROBE COMPOUNDexperimental runs. Due to a cause-and-effect relationship between degraded pCBA and ozonation concentration, a linear regression Equation (1) was used to calculate the relationship among degraded pCBA percentage, and initial concentrations of pCBA and ozone in these batch reactions.
Here, pCBA (%) is represented by the variable Y, which is the degraded pCBA in ozonation (in %). The variable X is the ratio of [pCBA] o to [O3] o (in mM=mM) which are the initial concentrations of these reactants. Equation (1) was used to calculate the regression parameters A (intercept), B (slope), and correlation coefficients (in R 2 ) of each experimental run (n ¼ 10 each) and all runs (n ¼ 80). The generations of OH radicals due to ozone decomposition are very limited in concentration and stability. Thus, a statistical examination is necessary to study these various concentrations of pCBA reacting with the OH radicals. Based on that, the parameters A and B can be found and an empirical correlation equation can be attained. However, the empirical equation is limited to the studied reaction environment where OH radicals were reacted with the sole probe compound (pCBA) in a very short time. Table 2 and Figure 2 are the individual results of eight experimental runs that show that all correlation coefficients are greater than 0.90. To test the significance of the correlation coefficient, a two-tailed hypothesis test was conducted by stating as follows: H 0 : r ¼ 0 Null hypothesis; There is no correlation between variables X and Y in the population. H A : r = 0 Alternative hypothesis; there is a significant correlation between variables X and Y in the population. Here ''r'' represents the population correlation coefficient that was computed by data values taken from the population.
Equation (2) is the formula (Bluman, 1997) to calculate the t-test value, the significance level (a) is set at 0.05, and the critical value is found to be 2.306 for each run with sample size of 10 and degree of freedom of 8.
Here, t is the t-test value; n and R represent the sample size and regression correlation coefficient, respectively. Table 1 shows that all the calculated t-test values are greater than critical value, which indicates a strong cause and effect relationship between degraded pCBA and ozone concentration.
In order to attain a representative cause-and-effect relationship, all experimental data with sample size of 80 was also calculated by Equation (1) and in the same way as above, a two-tailed hypothesis testing was conducted to test the significance of the correlation coefficient. However, in this case, instead of using the t-test, the significance level (a) 0.05 and 
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degree of freedom of 78 were used to find that the critical value was 0.220 which is smaller than R (R ¼ 0.93; R 2 ¼ 0.87); thus, the null hypothesis is also rejected. This also indicates a strong cause-and-effective relationship between degraded pCBA and ozonation concentration. Table 2 also shows that calculated parameters A and B, and based on those, we attain an empirical correlation Equation (3) for the next stage study:
The result of our study shows that, due to the autodecomposition of ozone in chain reactions and generation of OH radicals within the culture tubes, no ozone was detected after 10 s of reaction. This indicates that pCBA reacted with generated OH radicals and thus enhanced the ozone decomposition rate. However, the result could not identify the possible phases of the reaction statistically, which brings us to the next stage of the experiment.
Ozonation of pCBA by using the reactor
The instantaneous demand of pCBA was confirmed and determined in this stage. Based on Equation (3), batch kinetic studies were conducted by making six different ratios (0.160 to 0.232) of pCBA=ozone initial concentrations as shown in Table 3 . This data is the results from the first sampling time, which is 5 s after the beginning of each batch experiment. The test results show that, at an agitation speed of 300 rpm, a sampling time set at 5 s can achieve a complete mixing of solution. The homogeneity of solution was attained by operating the selected parameters where the reactor has the minimum head space and solution has the maximum turbulence. Moreover, sampling tests and analysis were conducted to choose the proper sampling time. Part 1 of Table 3 shows the observed values of pCBA degradation, which includes calculated data (in %) by using Equation (3) and the analyzed data (in %) by using HPLC and both sets of data showed similarities. To verify the relationship statistically, the hypothesis test was used to confirm the relationship between these two groups of data. Here, these two groups are treated as independent data, their independency tested by using a contingency table and goodness-of-fit test. Table 3 lists the observed degradation percentage of kinetic study (part 1) and calculated data by the method of a hypothesis test (part 2) that is stated as follows. The testing procedures are (1) tabulate the data and calculate the sum of each row, column, and grand total, which are shown in part 1 of Table 3 ; the grand total is 875.51, as calculated; (2) for each cell, multiply the corresponding row sum by column sum and divide by grand total; the results are listed in part 2 of Table 3 ; (3) conduct the independence test by using goodness-of-fit test; and (4) state the hypothesis and identify the claim. The formula for goodnessof-fit test is shown in Equation (4) (Bluman, 1997) .
Here X 2 , O, and E are the computed, observed (part 1 of Table 3 ) and expected value (part 2 of Table 3 ) for each cell, respectively. The computed value (X 2 ) from Table 3 is 2.205 and the hypothesis can be stated as follows:
H 0 : Null hypothesis; the batch degradation of pCBA is independent of the use of culture tubes or glass reactor (claim). H A : Alternative hypothesis; the batch degradation of pCBA is dependent of the use of culture tubes or glass reactor.
A right-tailed hypothesis test was conducted with significance level (a) 0.05 and the degree of freedom of 5 was used to find that the critical value was 11.071. Because the computed value (2.205) is smaller than the critical value (11.071), the null hypothesis is accepted, which indicates the instantaneous demand of pCBA that reacts with OH radicals did exist and can be verified and quantified by this study. Table 3 shows the observed instantaneous demand of degraded pCBA (in %) reacting with OH radicals ranges from 83 to 55 % for the ratio (in initial concentration of pCBA and ozone) 0.160 to 0.232, respectively. Thus, the probe compound, pCBA, did react with the instant available hydroxyl radicals and can be statistically quantified by using these techniques in the study. After the instant available hydroxyl radicals were consumed, the ozone decomposition was still in reaction which generated more OH radicals that reacted with the remaining pCBA. In order to verify the results, a two-phase kinetic study regarding pCBA degradation was analyzed in this stage. Based on data analysis, Fig. 3 shows the instantaneous demand (t ¼ 0 to 0.08 min), rapid degradation phase (t ¼ 0.08 to 0.33 min) and gradual degradation phase (t ¼ 0.33 to 30 min) for pCBA in different ratios of reactant concentrations. The two-phase kinetic study is shown in Fig. 4 , which indicates a period of rapid degradation phase (top) and gradual degradation phase (bottom) and their reaction rate constants that were determined by regression analysis. In this stage of experiments, the chain of ozone dissolution and the rate of ozone decomposition will increase when OH radicals are consumed by scavenger compounds. The generation of OH radicals is very unstable because they are the transient species in the chain reaction. Thus, to achieve a statistical analysis, various concentration ratios for the reactants are necessary. Due to the unstable ozone decomposition rates and detection limit of the Indigo method, the dissolved ozone concentrations were not all detectable; thus, we use the concept of pseudofirst-order reaction to study the reaction rates. A curve fitting Equation (5) was used for the study to attain the reaction rate of pCBA, and thus can be compared with the reported results by researchers. By using regression analysis, two parameters (a, b) can be found, which correspond to the initial concentration of pCBA and reaction rate for each reaction, respectively.
Here, [pCBA] o , [pCBA] , and k are the initial, time-dependent concentration (in mM) and pseudofirst-order rate constant (in min À1 ), respectively. Figure 4 shows the reaction rates are from 1.345 to 4.677 min À1 and 0.218 to 0.944 min À1 for the rapid and gradual degradation phase of pCBA, respectively. Although all the correlation coefficient R 2 are greater than 0.90, no significant relationship among initial concentration ratios and reaction rates was observed. This indicates that the generation of OH radicals are not steady during all phases of reaction, but that the rapid phase exists and can be identified by using a rate constant of 1.345 min À1 and above; the rate constant in gradual degradation phase being similar to the reported data. To verify the competition of pCBA and tbutanol for OH radicals, five batch reactions with similar ratios (0.247 to 0.269) of pCBA=ozone initial concentrations and t-butanol (9.13mM) in the glass reactor were studied. The curve-fitting Equation (5) was also used to study the rate constants at the gradual phase degradation (0.33 min to 30 min) reactions. Figure 5 shows the smaller pCBA rate constants (0.035 min À1 to 0.040 min
À1
) at these gradual degradation phases. Obviously, compared to the preceding study, the result verifies that the reaction between OH radicals and pCBA was inhibited by t-butanol.
Conclusions
The study statistically confirmed that the defined ''causeand-effect'' relationship, which is the reaction chains among 
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KAO AND SU ozone, OH radicals, and pCBA. Based on the results of firststage study, the empirical correlation Equation (3) is attained by using regression, and the significance of correlation is confirmed by conducting a two-tailed hypothesis test. Furthermore, an instantaneous demand of the probe compound, which reacts with OH radicals, is also statistically confirmed by using the goodness-of-fit test, which identifies a two-phase reaction. The observed instantaneous demand of pCBA reacting with OH radicals within the defined time (5 s) is about 83 to 55% for the concentration ratio 0.160 to 0.232, respectively. The calculated pseudo first order rate constants are from 1.345 to 4.677 min À1 and 0.218 to 0.944 min À1 for rapid and gradual degradation phase of pCBA, respectively. On the condition of the coexisting of probe compounds, pCBA, and t-butanol, the rate constants for pCBA were reduced to below 0.040 min À1 at gradual degradation phase. Our study also indicates that to attain stability of data, a proper concentration of buffer solution and reactants is crucial. The results show that, in the studied conditions, to reduce the effect of dihydrogen phosphate ions, a proper buffer concentration in the reactor needs to be about 0.6 mM to maintain the stability of the reaction.
